Background: A novel mutation of hERG (A915fs+47X) was discovered in a 32 year-old
Introduction
The long QT syndrome results from mutations that are classified in ten classes (LQT1 to LQT10) according to the 10 different genes in which mutations have been identified 1, 2 . LQT2 is the second most common variant of LQTS and accounts for 35%-40% of all mutations. It is related to mutations of the hERG (KCNH2) gene that cause a reduction of the rapid delayed rectifier current, I Kr , a major determinant of ventricular action potential repolarization. This predisposes to arrhythmias causing syncope and occasionally sudden death. There is a strong link of auditory trigger for syncope in patients bearing a hERG mutation as compared to mutations in KCNQ1 (LQT1) 3 .
Many studies have contributed to our understanding of the molecular mechanisms involved in hERG channel dysfunction. Functional characterization of each mutation is important since it may help design therapeutic approaches adapted to the patient's mutational context 4, 5, 6 . In this work, we explore whether the electrophysiological properties of a novel C-terminal truncation mutation of hERG, found in a French family from Lyon, may account for the clinical phenotype and compare its properties with those of other C-terminal mutations.
Methods

Engineering of plasmid cDNA
hERG cDNA in pcDNA3 expression vector (kindly provided by G. Robertson) was cotransfected with the surface marker protein CD8 expression vector (EBO-pcD-CD8). The mutation hERG/del-2742-2775 was introduced into a pcDNA3 vector using a QuickChange TM site-directed mutagenesis kit according to the manufacturer's instructions (Stratagene, La Jolla, CA, USA), using the following nucleotide mutagenic sense and antisense primers:
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hERG-del-2742-2775/F (cggccttggggccgggccgggcgggccgtggggggagagcccgtccagtg) and hERG-del-2742-2775/R (cactggacgggctctccccccacggcccgcccggcccggccccaaggccg).
Expression and electrophysiological studies in COS7 cells and Xenopus Oocytes
The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996). COS7 cells were plated at 30,000 cells per 35 mm diameter Petri dish in 1.5 ml DMEM.
On the next day, every culture dish received 1 µg of either hERG/WT (WT) or hERG/A915fs+47X (del) plasmid, together with 0.05 µg of CD8 plasmid mixed with 3 µl FuGENE 6 (ROCHE Diagnostics Corp.) in 100 µl DMEM without serum. As a control named NoH, some dishes were processed identically but plasmids were omitted. Cells were incubated at 37°C (5% CO 2 in air) for 2 days before electrophysiological measurements. hyperpolarizing pulses (10 mV) from -80 mV. Current densities (in pA/pF) were computed as the ratio of current to C m for each cell.
The preparation of Xenopus oocytes was done as previously described 8 . Briefly, oocytes were subjected to collagenase treatment 2 mg/ml during 2.5-3 hours, stage V or VI oocytes were microinjected with 5 ng capped mRNA encoding either wild type (WT), mutant hERG or both. The oocytes were maintained at 18ºC in a 2-fold diluted solution of Leibovitz's L-15 medium (Gibco, Grand Island, N.Y., USA) enriched with 15 mM 4-(2-hydroxyethyl)-1-piperazine-methanesulfonic acid (HEPES, pH 7.6, adjusted with NaOH), 1 mM glutamine, and 50 µg/µl gentamycin. Oocytes were used for experiments 1-3 days after injection.
The macroscopic potassium currents from the mRNA-microinjected oocytes were recorded using voltage-clamp technique with two 3M KCl-filled microelectrodes. Membrane potential was controlled by a Warner oocyte clamp (Warner Instrument Corp., Hamden, CT). Voltage commands were generated by computer using pCLAMP software version 5.5 (Axon Instruments, Inc., Foster City, CA). Currents were filtered at 2 kHz (-3 dB; 4 pole Bessel filter). Solutions: The Ringer's bathing solution contained (mM): 116 NaCl, 2 KCl, 0.9 CaCl 2 , 2.9 MgCl 2 , 5 HEPES; pH was adjusted to 7.6 at 22ºC with NaOH. Ringer solution was low in Ca 2+ to reduce the contribution of Ca 2+ activated chloride currents. All experiments were carried out at room temperature (22ºC).
Only experiments pertaining to the coexpression of WT and del hERG were conducted in Xenopus oocytes (Panel E of figure 4). All other electrophysiological experiments were carried out in COS7 cells.
Western blot analysis.
The polyclonal anti-hERG antibody (rabbit hERGbasic) used in the present study was raised in rabbits against a C-terminal peptide corresponding to hERG aa residues 883-901 as inserm-00325603, version 1 -10 Oct 2008 previously described 9 . hERGbasic antiserum was purified on an affinity column consisting of the C-terminal peptide used for immunization (aa 883-901: RQRKRKLSFRRRTDKDTEQ).
HEK293 cells were transfected with either the WT or del plasmid using Fugene 6. Two days later, they were solubilized for 1 h at 4 o C in lysis buffer containing 150 mM NaCl, 1 mM EDTA, 50 mM Tris, pH 8.0, 1% Triton X-100 and protease inhibitors (Complete, Roche Diagnostics, Indianapolis, IN). Protein concentrations were determined by the BCA method (Pierce, Rockford, IL). Proteins were separated on SDS polyacrylamide gels, transferred to polyvinylidene difluoride membranes and developed using hERGbasic antibody followed by ECL Plus (GE Healthcare, Piscataway, NJ). ( )
Sucrose gradients
with 1 Transitions between the three populations were assumed instantaneous. All three subpopulations had the same properties of activation, inactivation and recovery from inactivation.
The second change to the I Kr model was to reformulate the time-dependent changes in the inactivation variable (Yr) in order to allow the time constant of recovery from inactivation (τ ri ) to differ from that of inactivation (τ i ):
where Y r∞ is the steady-state inactivation variable.
In a similar way, the formulation of time-dependent changes in the activation variable (Xr) was altered to allow for the time constant of deactivation (τ da ) to differ from that of activation
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where X r∞ is the steady-state value of the activation variable. There was one such equation
for each of the three deactivation subpopulations, for the non-deactivating subpopulation,
The steady-state inactivation and activation variables were described by Boltzmann functions of voltage, allowing them to remain unaltered whenever the time constants of inactivation or recovery from inactivation or of activation or deactivation were changed. The time constants of deactivation (separate for each subpopulation) and time constants of activation, inactivation and recovery from inactivation were functions of membrane voltage adjusted to reproduce our data.
The equation for the global I Kr current was: 
Results
Clinical background
The proband, a woman, began to experience syncopal events at the age of 18, typically when the telephone rang. At the age of 28, hypokalaemia favoured by self-provoked vomiting caused repeated episodes of torsades de pointes (figure 1A) which were treated with betablocker therapy. She presented with a QTc of 515 ms. During a follow-up of 7 years and a therapy with nadolol (40 mg per day) she remained asymptomatic.
Figure 1 near here
Her brother and one of her two sons have a long QT interval without any symptoms (QTc of 475 and 480 msec, respectively). Her paternal aunt has had a history of unexplained syncope. Genetic analyses revealed the presence of a novel C-terminal mutation of hERG in these three members of the proband's family 14 (see the family pedigree in figure 1B ).
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Mutation structure
In this 34 bp deletion of bases 2742 to 2775, the frameshift leaves aa residue G914 preserved. A premature stop codon occurs at position 2883 of the new base sequence. Thus, an extraneous 47 aa sequence is appended after G914 and replaces the last 245 C-terminal aa of WT hERG.
Figure 2 near here
Consequently, del protein has a lower apparent molecular weight on Western blots than WT ( figure 2A ). While hERG WT is synthesized as a fully-glycosylated cell surface protein of about 160 kDa and a core-glycosylated ER resident form of about 135 kDa, the fully-and core-glycosylated forms of del protein are considerably smaller at about 120 and 100 kDa,
respectively. Furthermore, quantitative analysis of 5 independent Western blot experiments (figure 2B) shows that in comparison to WT, less fully-glycosylated del protein is produced on transfection of equivalent amounts of cDNA. Since the deletion in hERG is thought to remove a putative assembly site, we analyzed WT and del assembly status by separating digitonin lysates on a 15-45% sucrose gradient. Figure 2C shows a Western blot analysis of WT and del gradient fractions. Both proteins are distributed in two major peaks with the majority present in the tetrameric peak formed by fractions 13-16. In WT, fractions 6-8 form a smaller yet distinct secondary peak which we equate with channel monomers and dimers.
However in del, the relative protein content of fractions 5 to 9 is small, i. e.: del monomers/dimers appear to be shifted to larger molecular weights when compared to the corresponding WT forms as if under non-denaturing conditions the smaller del protein is present in complex with another, currently unknown protein.
Taken together, these data suggest that del channels assemble properly but yet exhibit a partial trafficking defect which is most likely responsible for the reduced whole cell current densities observed with del versus WT in electrophysiological experiments (see below).
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Properties of mutated channels hERG/A915fs+47X as compared to hERG/WT in COS7 cells
Current-voltage relations, voltage dependence of steady-state activation and activation time course
Cells expressing hERG/A915fs+47X (del) had a cell capacitance (C m ) similar to that of cells transfected with hERG/WT (WT) as reported in Table 1 .
Table 1 near here
Typical current families generated in response to a two-pulse protocol by cells expressing WT or del are illustrated in panels A and B respectively, of figure 3.
Figure 3 near here
The current at the end of the prepulse (2 seconds) is characteristic for hERG with a clear apparent inward rectification ( figure 4A ). For each cell, the I/V relation of the tail current in pulse P2 (I maxP2 , figure 4B ) was fitted with a Boltzmann function to evaluate the dependence of the steady-state activation variable on the prepulse voltage (V P1 ) 15 . In figure 4C on the right, the normalized currents are superimposed with the fitting function, computed from the mean values of V ha (the voltage for half activation) and of k a (the slope factor) in Table 1 . It appears that the voltage dependence of steady-state activation was not affected by the mutation.
Figure 4 near here
The average maximal current density at + 50 mV in pulse P2 (figure 3B and Table 1 ) was 2.76 fold lower in del than in WT cells.
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The time constant of activation was evaluated as indicated in figure 4D 12 . The mutation did not cause any significant change in the activation time constant of the hERG current at voltages from -20 to +60 mV ( figure 4D ).
Panel E of figure 4 compares the amplitudes of peak tail currents at -40 mV in Xenopus oocytes co-injected with WT and del cDNAs with those of oocytes injected with either WT or del cDNA. The decrease in current related to the mutation confirms the finding in COS7 cells (see above). These results are further analysed in the discussion.
Voltage dependence of steady state inactivation
A 3-pulse protocol was used: a maximally activating 2 sec pulse P1 to +50 mV was followed by a short (24 ms) pulse P2 to a variable voltage level (V P2 ). The amplitude of the current upon returning to +50 mV was normalized to its maximum for most negative V P2 values, after correction for the fast deactivation during P2 16 . The resulting data were fitted by a Boltzmann function characterized by the voltage for half inactivation (V hi ) and the slope factor (k i ). These were not significantly different between del and WT (see values in Table 1 ).
Thus the steady-state inactivation versus voltage relation (see the plots in figure 4C , left traces) is not affected by the mutation.
Time course of inactivation, reversal voltage and maximal conductance
A 3-pulse protocol was used. A 2 sec pulse P1 to +40 mV was followed by a 8 ms pulse P2
to -120 mV to relieve inactivation. The fast time constant of current decay in the test pulse (P3) to various voltages evaluated the inactivation time constant 12 . As shown in figure 5 the mutated channel (del) inactivates 1.9-fold to 2.8-fold faster than WT between -60 and +60
mV. (Table 1) , which was almost identical in del and WT. Thus, the ionic selectivity of the channel is not changed by the mutation.
Time course of deactivation of the hERG current
We recorded the current response during a 5. did not deactivate. These parameters were iteratively adjusted using the "Simplex" method within MATLAB until the sum of squared differences with experimental data was minimal.
There was no significant difference at any voltage between del and WT currents in the fast deactivation time constant (τ fast ) or in the slow one (τ slow ) (figure 6C).
Figure 6 near here
Amplitudes of the components of current decay
We also explored in each cell the voltage dependence of the initial amplitudes of the fast and slow deactivation components and that of the non-deactivating component. An example of this analysis is given in figure 6D where it appears that the sum of the amplitudes of the
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three components (thick line) is the fully activated current-voltage relation. We further computed the ratio of each of these three components to the total current in order to evaluate the respective fraction of the current contributed by each of these three processes. The voltage dependence of these fractions is shown in figure 6 , (panels E, F, G). It appears that the fast deactivating fraction was significantly lower for del current than for WT at all voltages from -70 to -10 mV. In contrast, the non-deactivating fraction was significantly higher in del than in WT in the same voltage range. The slowly deactivating fraction was slightly changed.
Although the different components of deactivation of WT hERG have been studied in the past 17 , a careful quantitative analysis of the relative contribution of fast-, slow-and nondeactivating fractions at various voltages has not been previously reported. We interpreted these changes as due to the distribution of hERG channels among three kinetically differently deactivating subsets (see Methods) and included this concept into a model of single ventricular myocyte to test the impact on AP configuration (see in Discussion).
Discussion
To date, about 290 mutations have been found in the hERG gene and related to RomanoWard Syndrome and Sudden Infant Death Syndrome. Of these mutations, 91 occur in the Cterminal region. The novel mutation found in this study is a frameshift/deletion at aa 915 in the C-terminal region of hERG that removes a putative assembly domain of the channel protein. Among 38 mutations distal to this site, 25 are deletions 18 . When co-expressed with WT, mutated hERG proteins may cause a reduction of hERG currents due to altered trafficking 19, 20 , altered subunit assembly 19 , or by rendering heterotetramers dys-or hypofunctional 16 .
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Reduced cell surface expression and current density
Our Western analysis showed that only about half of del hERG attains the fully glycosylated mature state when compared to WT ( figure 2A-B) . It has been shown previously that the fully-glycosylated form of hERG is located at the cell surface 21, 22 . Thus, the observed reduction in the fully-glycosylated protein form of del is mainly responsible for the lower membrane current densities observed in COS7 cells (36%; figure 4B and Table 1 ) as well as in Xenopus oocytes (37%; figure 4E ). The phenotype of del was further evaluated upon coexpression with WT, to mimic the heterozygous state found in our patient. Co-injection of 2.5 ng del + 2.5 ng WT cDNA in Xenopus oocytes yielded peak tail current densities that represented about 48% of those recorded on injection of 5 ng WT cDNA. In contrast, injection of 5 ng del cDNA yielded 37% of the tail current densities observed with 5 ng WT.
If del and WT were not be able to co-assemble and expressed currents independently, we would expect 68.5% (50% WT + 37/2% del) of WT currents assuming that the amount of hERG current generated per oocyte is proportional to the amount of cDNA injected 23 . Thus, co-expression decreased hERG current density when compared to independently expressing del and WT subunits, but increased current density when compared to del expressed in isolation. This complex behaviour is explained best with co-assembly of del and WT channel subunits into heterotetramers. Heterotetramer formation is not unlikely, since fractionation experiments of del on sucrose gradients have shown that the assembly of del subunits into tetramers was not compromised (fig 2C) . Using a binomial formula 24 , and assuming that the presence of one or more del subunit in a tetramer reduces its trafficking to 50% (or to 37%), the overall current when ½ WT and ½ del are co-expressed is 53% (respectively 42%) of that with WT alone. The value of 48% found in our co-expression experiments agrees with this view.Taken together, our data suggest that WT and trafficking-deficient del subunits most
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likely assemble into trafficking-deficient heterotetramers thereby producing a dominant negative effect.
The assembly of del into tetramers is somewhat unexpected, since the TCC (tetramerizing coiled-coil) domain -found within aa region 1018-1122 19 -is absent in hERG/A915fs+47X.
Nevertheless, the sucrose gradient data clearly indicate that assembly is not affected in del, confirming that the TCC may not be an absolute requirement for proper tetramer formation 19 .
At the same time, the deletion seems to produce a small shift on sucrose gradients in line with the formation of novel protein-protein interactions, possibly with components of the cellular quality control machinery, which may be ultimately responsible for the reduced surface expression of del or del/WT heteroteramers.
Comparison with other C-terminal truncation mutations
Another C-terminal truncation, R1014X, has also been associated with a trafficking defect in combination with a strong dominant negative effect exerted on WT hERG, while tetrameric assembly was not impaired 19 . Despite the fact that del (A915fs+47X) removes a much larger part of the C-terminus (245 aa) than R1014X (146 aa), the reduction in current density was less pronounced. Thus, functional effects of a particular deletion may not simply correlate with the extent of the deletion. In addition, del was also characterized by a 2-fold acceleration of current inactivation. Although a number of C-terminal mutations were found in LQT2
patients, only few have been characterized at the functional level 18 . For example, the deletion of up to 215 aa had no effects on biophysical properties, whereas deletion of either 236 or 278 aa accelerated current deactivation and speeded up recovery from inactivation 25 . In marked contrast, removal of 245 aa in del did not alter any of these parameters. Similarly, neither G965X nor R1014PfsX39 or V1038AfsX21, three other C-terminal deletions found in LQT2 patients, changed current kinetics, with only G965X decreasing current amplitudes (33% of
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WT hERG) 26 . Finally, the two-fold acceleration of current inactivation in del is rather unique.
Only one other C-terminal deletion/frameshift mutation has been described so far (hERG 1122fs/147) that accelerated current inactivation in a similar manner 27 . Interestingly, the replacement of the last 37 C-terminal aa by a 147 extraneous aa sequence was responsible for this phenomenon in hERG 1122fs/147 27 . Likewise, addition of an extraneous sequence of 47 aa in del may play a role in the altered biophysical properties of this channel. While these results suggest that the hERG C-terminus contributes to channel inactivation, a mechanistic explanation is currently not at hand.
Proarrhythmic consequences of the mutation
The three changes caused by the del mutation, -decreased current density, accelerated inactivation and modified pattern of deactivation kinetics-, were introduced in a computer model with a modified formulation of I Kr (see Methods). This model was used to evaluate the effects of the mutation-induced changes on the ventricular action potential (AP). The family members that were tested and did not bear the mutation are labelled 'WT', numbers are the QTc values in ms. Figure 7 inserm-00325603, version 1 -10 Oct 2008
